In 1988 John Cairns, Julie Overbaugh, and Stephan Miller published a paper entitled "The origin of mutants," in which they suggested that bacteria could choose which mutations to make (11). Shortly thereafter, Cairns and I began collaborating on a National Science Foundation-funded project to investigate the genetic basis of what was popularly called "directed mutation" (although at the time we were calling it "selectiondependent mutation," which now seems as good a name as any). Our plan was to mutagenize an appropriate strain of Escherichia coli and identify and characterize variants defective in selection-dependent mutation. Cairns and coworkers had been investigating a strain called SM195, described in their original paper (11). However, the mechanisms of mutation in this strain had proved to be complicated, and we wanted a new experimental subject. We were setting up to investigate selection-induced activation of the cryptic bgl operon (36), when Jeffrey Miller gave us a Lac Ϫ strain, called ␣45, that he said had a high rate of reversion to Lac ϩ after plating on minimum lactose medium. The lac allele in this strain is a fusion of lacI to lacZ that eliminates the lac regulatory region as well as several residues of lacI and lacZ; transcription of the fusion is constitutive, initiating at the lacI promoter (7). ␣45 has a ϩ1 frameshift mutation, lacI33, in the lacI coding region (12). Miller and coworkers have used several similar strains to study various mutational mechanisms (52, 67). As in many of the strains that originated with Jacob and Monod, proAB and lac are deleted from the chromosome and carried on an episome, FЈ128. This arrangement greatly facilitates genetic manipulations and turned out to be important to adaptive mutation. We mated the episome from ␣45 into a ⌬(lac-pro) recipient that we had made rifampin resistant and named the new strain FC40 (Foster and Cairns #40).
In 1988 John Cairns, Julie Overbaugh, and Stephan Miller published a paper entitled "The origin of mutants," in which they suggested that bacteria could choose which mutations to make (11) . Shortly thereafter, Cairns and I began collaborating on a National Science Foundation-funded project to investigate the genetic basis of what was popularly called "directed mutation" (although at the time we were calling it "selectiondependent mutation," which now seems as good a name as any). Our plan was to mutagenize an appropriate strain of Escherichia coli and identify and characterize variants defective in selection-dependent mutation. Cairns and coworkers had been investigating a strain called SM195, described in their original paper (11) . However, the mechanisms of mutation in this strain had proved to be complicated, and we wanted a new experimental subject. We were setting up to investigate selection-induced activation of the cryptic bgl operon (36) , when Jeffrey Miller gave us a Lac Ϫ strain, called ␣45, that he said had a high rate of reversion to Lac ϩ after plating on minimum lactose medium. The lac allele in this strain is a fusion of lacI to lacZ that eliminates the lac regulatory region as well as several residues of lacI and lacZ; transcription of the fusion is constitutive, initiating at the lacI promoter (7) . ␣45 has a ϩ1 frameshift mutation, lacI33, in the lacI coding region (12) . Miller and coworkers have used several similar strains to study various mutational mechanisms (52, 67) . As in many of the strains that originated with Jacob and Monod, proAB and lac are deleted from the chromosome and carried on an episome, FЈ128. This arrangement greatly facilitates genetic manipulations and turned out to be important to adaptive mutation. We mated the episome from ␣45 into a ⌬(lac-pro) recipient that we had made rifampin resistant and named the new strain FC40 (Foster and Cairns #40) .
In our first paper (10), we showed that Lac ϩ revertants of FC40 accumulate at a constant rate for about a week after the cells are plated on minimal lactose plates. Two days after plating (the first day that Lac ϩ colonies appear), the numbers of mutants among cultures has a Luria-Delbrück distribution (meaning that the mutations occurred prior to plating), whereas on subsequent days the distribution becomes Poisson (meaning that the mutations occurred after plating). After 5 days on lactose plates, there are about 100 Lac ϩ colonies per 10 8 cells plated. We calculated that the normal preplating mutation rate was about 10 Ϫ9 Lac ϩ revertants per cell per generation, whereas the postplating mutation rate was about 10 Ϫ9 per cell per h; considering that the doubling time in minimal medium is about an hour, this means that per unit time, the two mutation rates are the same. We have never figured out if this similarity is informative or merely a coincidence.
The high postplating reversion rate of FC40 allowed us to eliminate a number of artifactual explanations for the phenomenon. In our first paper (10) we ruled out the possibility that the appearance of Lac ϩ mutants was due simply to proliferation of the Lac Ϫ population. We demonstrated that the mutations only appeared when lactose was present, not if the cells were merely starving, and thus were adaptive. Importantly, we showed that reversion to Lac ϩ during lactose selection, but not during nonselective growth, was dependent on some function or functions of RecA. Thus, our results demonstrated that the mechanism by which adaptive mutations occur is different from the mechanism by which growth-dependent mutations occur. It was this feature of FC40-a high rate of adaptive mutation that occurs by a distinct mechanism-that made it attractive for further study.
MUTATIONS ARE NOT DIRECTED
Fairly early on in our studies, Cairns and I eliminated the hypothesis that mutations were "directed" toward a useful goal. The first negative evidence was obtained not with FC40, but with SM195. SM195 has an amber mutation in lacZ and so reverts both by intragenic mutations and by the creation of tRNA suppressors (11) . The continued appearance of extragenic suppressors during lactose selection allowed us to dismiss the hypothesis that the selective conditions "instructed" the cell to make appropriate mutations-in the case of extragenic suppressors, there is no direct path from the phenotype (Lac ϩ ) to the mutated gene (encoding a tRNA) (23) . Later it was shown that about two-thirds of the late-appearing Lac ϩ revertants of SM195 were due to slow-growing ochre suppressors that probably arose during growth prior to lactose selection (57) . Nonetheless, the continued appearance of fast-growing amber suppressors in addition to the true revertants demonstrated that mutations appear elsewhere than in the gene directly under selection (24) .
The second piece of evidence against directed mutation was obtained by putting a second revertible allele, a ϩ1 frameshift in the tetA gene, close to the Lac Ϫ allele in FC40. During lactose selection, Tet r revertants appeared at about the same rate as did Lac ϩ mutations and had the same genetic requirements (21) . The frequency of double Lac ϩ Tet r mutants in these experiments indicated that the two events were not independent (21) . Nonetheless, the occurrence of nonselected mutations during lactose selection demonstrated that the mutational mechanism was not directed at a specific gene.
GENETICS OF ADAPTIVE MUTATION
The following summarizes what has been learned in the last decade about the mechanism of adaptive Lac ϩ mutation in FC40.
(i) The Lac ؉ mutations that arise during lactose selection are different from the mutations that arise during nonselective growth. While a variety of deletions, duplications, and frameshifts revert the Lac Ϫ allele during growth, adaptive Lac ϩ mutations consist almost exclusively of Ϫ1-bp frameshifts in runs of iterated bases (27, 61) .
(ii) Adaptive but not growth-dependent reversion to Lac ؉ requires the recombination functions for double-strand break repair encoded by recA and recBCD and the DNA branch migration and resolution functions encoded by ruvAB and ruvC (10, 19, 30, 39, 40) . In contrast, mutations in recG, which encodes an enzyme also involved in DNA branch migration, increase the rate of adaptive mutation up to 100-fold (30, 40) .
(See below for a new explanation of this phenotype.) (iii) The high level of adaptive reversion to Lac ؉ in FC40 requires that the Lac allele be on the episome. When the same allele is at its normal position on the chromosome, the rate of adaptive reversion to Lac ϩ falls about 100-fold and the mutations are no longer recA dependent (28, 58) .
(iv) The high level of adaptive Lac ؉ mutation also requires that one or more conjugal functions be expressed (28, 32). When conjugal functions are not expressed, the rate of adaptive mutation falls 10-fold but, unlike Lac ϩ mutations on the chromosome, 90% of the remaining Lac ϩ mutations are still dependent on RecA (28) . We find that actual conjugation is not required (28, 29) , although others disagree (33, 34) . The production of DNA nicks at the conjugal origin is most likely the conjugal function that promotes adaptive mutation (59) .
(v) At least 50% of the adaptive Lac ؉ mutations are eliminated if DNA polymerase IV (Pol IV) is defective (22, 51). DNA polymerases IV and V were discovered only recently. Both are induced as part of E. coli's SOS response to DNA damage, and both are highly error prone (35) . However, Pol V is not involved in adaptive mutation (10, 50) . (The roles in adaptive mutation of all of E. coli's polymerases are discussed below.) (vi) Adaptive Lac ؉ mutation is reduced about 90% if the general stress sigma factor, RpoS, is eliminated (44, 48). Part, but not all, of this effect is due to the fact that Pol IV is positively regulated by RpoS (44) .
(vii) About 1% of the Lac ؉ mutants that appear after plating on lactose medium have other mutations somewhere in their genome (60, 69) . These extra mutations do not appear if Pol IV is defective (68) or if the SOS response is repressed (63) .
MODEL FOR ADAPTIVE Lac
؉ MUTATION Our current model for adaptive mutation to Lac ϩ is as follows. When FC40 is incubating on lactose, the cells are not proliferating but occasionally replication is initiated at one of the episome's vegetative origins, oriS or oriV. Because of the persistent nicking at the conjugal origin, oriT (31), the replication fork will have a high probability of encountering a nick and collapsing, thus creating a double-strand end. The doublestrand end is recognized by the RecBCD enzyme, which initiates double-strand-break repair by degrading the 5Ј strand, producing an invasive 3Ј single strand. After RecA-catalyzed invasion of the single strand into the homologous duplex of the sister chromosome or another episome, new DNA synthesis is primed, initially requiring the actions of DNA Pol IV or II and the PriA primosome. As the polymerase (mainly Pol IV) copies the lac region, errors are made that give rise to the Lac ϩ mutants. Eventually a new replication fork incorporating the normal replicase, DNA Pol III, is established, but the fourstranded recombination intermediate (a Holliday junction) remains and must be resolved by RuvAB-catalyzed branch migration and RuvC-catalyzed strand cleavage.
This model accounts for all the features and genetic requirements of adaptive mutation in FC40. The Lac Ϫ allele is sufficiently "leaky" so that enough lactose is metabolized to provide the energy for episome replication and recombination. We assume that during lactose selection SOS genes are derepressed to some extent, allowing for expression of the LexArepressed genes recA, ruvAB, polB (which encodes DNA Pol II), and dinB (which encodes DNA Pol IV). In addition, Pol IV is further induced in late stationary phase under control of RpoS (44) . The resulting high levels of Pol IV allow it to outcompete other more accurate polymerases, such as Pol II, for access to the DNA termini provided by recombination.
While the population is incubating on lactose, a subpopulation of cells enters into a transient state of increased mutation. But only 10% of the Lac ϩ mutations arise in these hypermutators, whereas 90% of the Lac ϩ mutations arise in "normal" cells by the pathway outlined above (60) (others disagree with this conclusion; see reference 8).
ROLE OF THE ERROR-PRONE POLYMERASE, Pol IV
Recently we discovered that Pol IV is induced late in stationary phase under positive control of RpoS, the stationaryphase sigma factor. After induction, high levels of the protein are maintained for at least 3 days after the cells have reached stationary phase (44) . Other researchers have shown that the dinB gene is transcribed in a 5-day-old culture (71) . The induction of Pol IV under RpoS control helps to explain several puzzling features of adaptive mutation in FC40.
SOS derepression. In a LexA-defective (Def) mutant strain the SOS response is fully derepressed, and one would expect that the levels of adaptive mutation would be high. However, in FC40 adaptive mutation is inhibited in a LexA(Def) mutant strain because psiB, an episomal gene encoding an inhibitor of SOS (2), is also induced (50) . Therefore, during lactose selection there must be enough active LexA repressor to keep psiB and other LexA-repressed genes from being fully induced. However, Pol IV and other functions required for adaptive mutation that are also RpoS regulated can be induced independently of LexA.
Variability of results. The level of mutation obtained in adaptive mutation experiments can vary from two-to fivefold. Since the level of Pol IV depends on RpoS, this variation may reflect the degree to which RpoS is activated. This, in turn, may depend on uncontrolled variables such as the age of the culture, the moisture content of the plates, etc.
Role of RecG.
The recG gene encodes an enzyme that can resolve Holliday junctions and rescue stalled replication forks (49) . Adaptive mutation is eliminated in ruvA, -B or -C mutant strains but is increased 100-fold in a recG mutant strain (30, 40) . The solution to this puzzle is that Pol IV levels are elevated two to fivefold in recG mutant strains, and all of the extra adaptive mutations in the recG mutant strain are due to Pol IV (44) . Presumably Pol IV levels are elevated because the SOS response is partially derepressed in recG mutant strains (47) .
Role of Pol II. Pol II, encoded by the polB gene, is an accurate DNA polymerase that is also induced as part of the SOS response (4) . In a polB mutant strain adaptive mutation is increased 10-fold (15) . As in a recG mutant strain, levels of Pol IV are elevated in polB mutant cells (44) and all of the extra mutations are due to Pol IV (22) . However, Pol II has an additional, possibly direct, role in adaptive mutation. A mutation in Pol II's proofreader domain that leaves its polymerase domain intact increases adaptive mutations; in a polB mutant strain that has a high adaptive mutation rate due to Pol IV, that rate is further elevated if the proofreader-mutant Pol II is supplied on a plasmid (25) . These results suggest that Pol II is active during lactose selection, that it competes with Pol IV and limits Pol IV's mutagenic activity, and that when overexpressed Pol IV outcompetes Pol II.
Role of Pol III. Pol IV, like other error-prone polymerases, is poorly processive (35) . After a mutation is made, Pol III, the replicase, presumably is required to complete the synthesis of the error-containing molecule so that the mutant can be recovered. But Pol III may also have a direct role in adaptive mutation since some other polymerase must make the 20 to 50% of the mutations that are not due to Pol IV. The polymerase subunit of Pol III is encoded by the dnaE gene; a mutation that improves polymerase fidelity, dnaE915 (17) , reduces adaptive mutation threefold (25, 38) . Before the discovery of Pol IV, we assumed that this result meant that Pol III was responsible for most Lac ϩ adaptive mutations. Now we believe that Pol IV makes most of the mutations; but why then does dnaE915 result in such a strong phenotype? The dnaE915 allele also reduces adaptive mutation in recG and polB mutant strains, whose high mutation rates are due to overexpression of Pol IV. Were this because the dnaE915-encoded polymerase cannot complete replication, one would expect that dnaE915 mutant strains would hardly be viable, which is not the case. I hypothesize that the dnaE915 allele is an antimutator because it does not allow Pol IV (and possibly Pol V) access to DNA termini (22) .
GROWTH OF A SUBPOPULATION
The Lac ϩ mutants that appear after plating FC40 on minimal lactose medium cannot be due simply to mutations occurring as a result of proliferation of the Lac Ϫ population. If Lac ϩ mutations occurred at the normal growth-dependent rate, the population would have to increase 50-to 100-fold during the course of an experiment, which it clearly does not (10, 20) . First Lenski et al. (46) , and then Andersson et al. (1) , proposed that Lac ϩ adaptive mutations arise not in the general population, but in a subpopulation that is increasing in number. But under carefully controlled conditions, no growth or death of Lac Ϫ FC40 cells can be detected (10) . The amount of growth that could occur and still remain undetected would account for, at most, one mutation in 5 days at the normal growthdependent mutation rate (20) . Another way of looking at these results is that, in a typical experiment when 3 ϫ 10 8 FC40 cells are plated on a lactose plate and incubated for 5 days, no more than 3 ϫ 10 8 cell divisions could take place and be undetected. To give rise to 100 mutants, the mutation rate would have to be at least 3 mutations per 10 7 cell divisions, which is 100-fold higher than the normal mutation rate. This is true whether the mutations are occurring in all the cells or in only a subpopulation of them (20) . This calculation has recently been incorporated into the models presented by Roth's group, who now propose that the mutation rate to Lac ϩ has to be at least 3.5 ϫ 10 Ϫ7 mutations per replication of the lac allele (42) .
Another argument against models that postulate that Lac ϩ mutations are produced by a growing subpopulation is that the rate at which Lac ϩ mutations appear in FC40 is constant for at least 5 days after the cells are put under lactose selection (10) . After day 5 the rate at which Lac ϩ colonies appear often accelerates (see below). Confining ourselves to the first 5 days, the mutations that appear cannot be due to an increasing population of cells or an increasing number of copies of the lac allele because then the rate at which Lac ϩ mutants appear would increase (unless, bizarrely, the mutation rate per lac allele decreases to compensate) (20) .
Finally, a growing subpopulation presumably would give rise to microcolonies out of which true Lac ϩ revertants would arise. I looked for these microcolonies in two ways. First, I examined plates each day and marked the position of tiny colonies (which, at a magnification of ϫ30, become visible when they consist of 10 4 cells). If these microcolonies were giving rise to Lac ϩ mutants, then some would remain microcolonies and others would produce large colonies over the next few days. All microcolonies observed produced large colonies by the next day, suggesting that they were all composed of Lac ϩ cells (20) . The second experiment was modeled on the original "Newcombe respreading experiment" (53) . Each day for 3 days after plating FC40 on lactose plates, I chose a few plates without visible Lac ϩ colonies and respread them. This should have redistributed the cells in each microcolony with two possible results, depending on the mutation rate to Lac ϩ . A few days after respreading, the respread plates should either have more Lac ϩ colonies than nonrespread plates or they should produce another crop of microcolonies. I observed neither (20) . I conclude that either microcolonies do not exist or they have the unusual property of always producing exactly one Lac ϩ mutant.
AMPLIFICATION
In 1992 Cairns and I suggested that adaptive reversion of FC40 could be explained by amplification of the Lac Ϫ allele (23). We were led to this hypothesis by a paper published in 1984 by Jeffrey Miller's group (67) . In this study they used a strain carrying the same lacI-lacZ fusion as that carried by FC40, but with a different mutation, X13, in the lacI gene. Several days after the X13 strain was plated on lactose plates, grown under nonselective conditions). The appearance and instability of these phenotypically Lac ϩ clones were dependent on recA ϩ . The parallels to FC40 are obvious, but there is a very important difference. X13, an amber mutation, is much more "leaky" than the I33 allele, producing about eight times more ␤-galactosidase. (FC40 produces 2 U of ␤-galactosidase when Lac Ϫ and 200 when Lac ϩ .) This difference in leakiness is probably because the X13 mutation creates a translation reinitiation site (67) , whereas the leakiness of the I33 mutation may depend on ribosomal frameshifting. The greater amount of ␤-galactosidase produced by the X13 strain means that it slowly proliferates on minimal lactose plates and that the early steps of the amplification process confer large growth advantages. In this respect the Salmonella enterica serovar Typhimurium strains used by Roth's group, which also proliferate on lactose medium (32), resemble X13 more closely than FC40.
Cairns and I hypothesized that when Lac Ϫ FC40 cells are plated on lactose plates, a small proportion of them amplify the lac region by a RecA-dependent process. However, the amplified copies are unstable. Among the copies, true Lac ϩ mutations occur, and as the Lac ϩ mutant cell starts to proliferate, the extra Lac Ϫ copies are resolved by a RecA-dependent process. During deamplification the Lac ϩ copy that provides the selective advantage on lactose is retained and a pure Lac ϩ colony results. We further speculated that the extra DNA copies might have an increased rate of mutation (18, 23) . A similar model was proposed by John Roth and Franklin Stahl in 1993 in an unpublished manuscript, later published in 1998 (1). This model differs only in proposing that cells with an amplified Lac Ϫ allele grow on lactose, producing microcolonies out of which true Lac ϩ revertants arise. This hypothesis makes the same predictions as the Lenski hypothesis, discussed above, and is subject to the same criticisms. If true, the rate at which Lac ϩ revertants appear should increase with time, but that rate is constant for 5 days. Thus, if the amplification hypothesis is true, the number of cells that have amplifications, or the extent of their amplification, must be a constant unless the reversion rate per gene copy declines with time (20) .
As mentioned above, the rate at which Lac ϩ colonies of FC40 appear typically starts to accelerate after 5 days of incubation on lactose. About 2% of the FC40 Lac ϩ clones isolated on days 5 to 7 are composed mostly of cells that have amplified the Lac Ϫ allele (20, 25) . If incubation is continued for 10 days, up to 60% of the newly arising Lac ϩ colonies consist of amplifiers (41, 56) . The late appearance of these colonies reflects the fact that they are slower to develop than colonies composed of true Lac ϩ revertants (41) . But these results do not refute or confirm the hypothesis that true Lac ϩ revertants arise in microcolonies that initially are made up of cells that are amplifying the lac allele. For this, one needs to isolate newly arisen microcolonies and see if these contain cells that are unstably Lac ϩ . When I did this experiment I found that none of 82 newly arisen microcolonies contained cells that produced sectored colonies when streaked on nonselective Lac indicator medium (20) . In contrast, Hendrickson et al. (42) found that 98% of newly arisen colonies contained unstable Lac ϩ cells, although in nearly half of the colonies these were only 1% or less of the cells. One difference between our experiments is that I looked for sectoring on minimal medium plus X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) whereas Hendrickson et al. used rich medium plus X-Gal, suggesting that sectoring is either suppressed by minimal medium or stimulated by rich medium.
Another test of the amplification hypothesis is to measure the amount of lac DNA in Lac Ϫ cells incubating in lactose. The degree of amplification and the number of amplifying cells suggested by Andersson et al. (1) predicts that the amount of lac DNA among the Lac Ϫ population has to increase at least 30-fold to account for the mutations that arise. We measured the amount of lac DNA in Lac Ϫ cells of FC40 incubating in lactose medium over 3 days and found that it did not increase relative to that of a control gene (26) . We later confirmed this result and found that the amount of lac DNA doubles between days 3 and 4 (W. A. Rosche and P. L. Foster, unpublished results). Since it takes 2 days for a Lac ϩ colony to become visible on lactose plates, these results mean there is no detectable increase in lac DNA during the time in a normal experiment when about 100 true Lac ϩ mutants arise at a constant rate. But, there is an increase in lac DNA corresponding to the point late in an experiment when colonies appear that are composed of cells that have amplified the unreverted Lac
Since amplification is dependent on recombination, genetic conditions that increase recombination and also increase Lac ϩ adaptive mutation should increase the frequency of Lac ϩ colonies containing unstable Lac ϩ cells. We have tested this prediction in three cases: in a recD mutant strain (26) , when RecBCD function is replaced by bacteriophage 's Red recombination function (55) , and in a strain with an enzyme that produces DNA nicks targeted to the lac region (59). Although adaptive mutation was increased 10-to 100-fold in each of these backgrounds, the frequency of Lac ϩ colonies composed of unstable Lac ϩ cells was the same as in FC40. Surprisingly, the Red functions, which convey a hyperrecombinogenic phenotype, increased adaptive reversion of the lac allele when it was on the chromosome. Adaptive reversion of the chromosomal allele is not normally dependent on recombination (28, 58) . About half of the Red-dependent Lac ϩ colonies contained unstable Lac ϩ cells, indicating that the Red functions can induce or stabilize amplification on the chromosome but not on the episome (55) .
So where are we now? A recent variant of the amplification model has been proposed by Roth's group (42) . This variant postulates that fewer cells start to amplify and the extent of their amplification is less; to compensate, the mutation rate increases Ͼ35-fold due to induction and amplification of Pol IV (42, 62) . How can this be reconciled with the fact that the accumulation of Lac ϩ mutants is linear with time? Roth's group hypothesizes that a given amplified array is constantly being destroyed and reformed (63) . Although not stated explicitly, they apparently believe that this process would allow for a constant rate of mutant production. But how can such instability be consistent with the fact that clones can be isolated with up to 50 copies of the lac region (1) and that some cells build up enough Lac Ϫ copies to become phenotypically Lac ϩ (20)? I find it easier to believe that there are two processes occurring: a mutational process that produces true revertants and an amplification process that produces slowly growing colonies that start appearing after about 5 days of incubation. But it is interesting that the original Roth-Stahl hypothesis has VOL. 186, 2004 DIALOG 4849 evolved so that it is now almost exactly what Cairns and I proposed years ago (18, 20, 23) .
HYPERMUTATION
It has been well documented that a subpopulation of FC40 cells under lactose selection experience a transient state of increased mutation (34, 42, 60, 69) . The same phenomenon has been observed in other strains of E. coli (3, 37) and in Salmonella (63) . Transient hypermutation was predicted by Hall (37) and modeled by Ninio (54) and Cairns (9, 60) . Hall hypothesized "the hypermutable state" to explain how mutations could appear to be "directed" to useful genes; the hypermutators would die unless a good mutation occurred, and thus nonselected mutations would be lost from the population. Of course, as discussed above, we now know that mutations are not directed (21) . Nevertheless, Hall's hypothesis appears to be essentially true, although the hypermutating cells do not die during the course of our experiments (60) . Note that we and Rosenberg and coworkers call the state hypermutation, or transient mutation, whereas Roth and coworkers call it general mutagenesis or general hypermutability.
In FC40 and in Roth's Salmonella strains, hypermutation requires Pol IV (62, 68) . In addition, mismatch repair is not active among hypermutators (60) . Thus, we hypothesize that the hypermutator state is due to the combination of induced expression of Pol IV plus decreased activity of mismatch repair. We further hypothesize that the mutations in the hypermutators arise by the same recombination-dependent mechanism that produces mutations in normal cells, but the mutagenicity of the process is enhanced in the hypermutators (68) .
There is disagreement about what proportion of the Lac ϩ adaptive mutations arise in hypermutators. To answer this question, we need to know the size of the population of hypermutating cells and how elevated are their mutation rates. To estimate these parameters, a set of simple algebraic equations was derived using the proportions of Lac Ϫ and Lac ϩ clones that have unselected mutations. When these equations were solved using data from FC40, they showed that the hypermutators are about 0.1% of the total population under lactose selection and that their mutation rate is elevated about 200-fold. From these results it is easy to calculate that only 10% of the Lac ϩ adaptive mutations arise in hypermutators and 90% arise in normal cells (60) .
Even without algebra it is easy to demonstrate that only a minority of Lac ϩ revertants come from the hypermutators. We assume that all cells bearing two or more mutations come from the hypermutating population (because the chance of obtaining a double mutant if the normal mutation rates apply is extremely small). For our study we used defects in motility as the major unselected phenotype. Among 3,168 Lac ϩ isolates, 210 had motility defects, but among 13 Lac ϩ isolates that had a mutation giving one of five other phenotypes, 8 had motility defects. Thus, the frequency of motility defects among Lac ϩ mutants (0.07) was nearly 10-fold lower than among Lac ϩ mutants with another mutation (0.6). Since the double mutants are all from the hypermutators, the single mutants cannot be because the single mutants have a lower mutation rate. The data generated by Torkelson et al. (69) supports the same conclusion. They found that the frequency of Mal Ϫ mutants among Lac ϩ mutants was 36-fold lower than the frequency among Lac ϩ mutants with another mutation. Slechta et al. (62) have recently questioned whether the hypermutator state is induced in response to environmental stress or is simply an accident. They hypothesize that hypermutation occurs only when the dinB gene is amplified with the lac allele, which happens in about one-fifth of the amplifying cells. This hypothesis is consistent with our calculations. However, it is inconsistent with the fact that hypermutators also appear when a strain with the lac allele on the chromosome is under lactose selection (60); Lac ϩ adaptive mutations in this strain normally are not RecA dependent and thus are not due to amplification (28) .
Recent evidence strongly suggests that both adaptive mutation and hypermutation are induced responses to stress. As discussed above, several components of adaptive mutation in FC40 are part of the SOS response (16) , which is at least partially induced during lactose selection. Some components of adaptive mutation, in particular DNA Pol IV, are also positively regulated by RpoS (44) , which is the regulator of the general stress response (43) . In addition, key components of mismatch repair are down-regulated under the control of RpoS (70) . Although mismatch repair is active during lactose selection (23) , the fact that mismatch repair proteins are in low supply may mean that in some cells the pathway is saturated or components are not present (as suggested by Ninio [54] ). Thus, we hypothesize that in most cells during lactose selection, Pol IV is induced but in the hypermutator population, Pol IV is further induced and mismatch repair is also down-regulated, so the mutation rate is elevated about 200-fold (44) . However, dividing the population into high and low mutators is a simplification; in fact, there may be many populations of cells with many different mutation rates.
EVOLUTIONARY SIGNIFICANCE
There are several aspects of adaptive mutation in FC40 that may be important in evolution. The first is recombinationdependent mutation. In our strains this mechanism is particularly active on the FЈ element that carries the lac allele, probably because of the persistent nick induced at oriT. But the same mechanism can be expected to occur at some frequency whenever a nick is encountered during DNA replication. This may not be a major source of variation in growing organisms when other mutational mechanisms are active, but it might become significant in static populations. Many of the components of this system-RecA, Pol IV, and RuvAB-are induced as part of the SOS response to DNA damage. The SOS response is also induced in aging colonies (65) and at the end of growth in rich medium (14) . In addition, Pol IV is positively regulated by the general stress sigma factor RpoS (44) and is expressed in starving cells (44, 71) . Similar inducible systems may exist in other organisms, allowing mutations to occur when genetic variability may be advantageous.
We have argued that the mutation rate of genes on the F episome is unusually high. Part of the evidence for this has been dismissed because one target, a Tet s element, is close to the lac allele and so its reversion to Tet r may not be independent of reversion to Lac ϩ . However, under nonselective con-4850 DIALOG J. BACTERIOL.
ditions reversion of this Tet s allele on the episome is higher than when it is on the chromosome (our group's unpublished results). In addition, another episomal site, the codAB operon, has a high mutation rate in our experiments (60) . The F plasmid is unusual in that it can recombine with the chromosome and pick up chromosomal genes. Thus, it could be an agent of horizontal gene transfer. About 20% of natural isolates of E. coli carry F or related conjugal plasmids (6) . These plasmids show evidence of extensive recombination and horizontal transfer among diverse E. coli strains and between E. coli and Salmonella (5, 6) . If chromosomal genes are picked up by F, exposed to a high mutation rate, and then recombined back onto the chromosome, F would indeed be a potent evolution machine.
A number of experimental and theoretical studies have shown that individual organisms with high mutation rates can have a selective advantage in a changing environment (13, 45, 64) . Indeed, models predict that the random appearance of a mutator allele can accelerate the adaptive evolution of an entire population (66) . The transient mutator state described above would be even more advantageous. When confronted with an adverse situation, only a very small proportion of the population become hypermutators and most cells have a normal mutation rate. If the current problem can be solved with a single advantageous mutation, it is likely to appear in the cells with normal mutation rates. They will proliferate and carry no extra mutational burden. However, if advantageous mutations are rare, or if more than one mutation is needed, the hypermutating cells will succeed and proliferate. They will carry extra mutations, but because the hypermutable state is transient, their mutation rates return to normal, minimizing the genetic burden carried by their progeny.
